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We present a full configuration-interaction study of the spontaneous recombination of neutral and singly
charged excitons trions in semiconductor quantum dots from weak- to strong-coupling regimes. We find that
the enhancement of the recombination rate of neutral excitons with increasing dot size is suppressed for
negative trions and even reversed for positive trions. Our findings agree with recent comprehensive photolu-
minescence experiments in self-assembled quantum dots P. Dalgarno et al., Phys. Rev. B 77, 245311 2008
and confirm the major role played by correlations in the valence band. The effect of the temperature on the
photoluminescence spectrum and that of the ratio between the electron and hole wave-function length scales
are also described.
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I. INTRODUCTION
Optoelectronics is one of the fields where the atomiclike
properties of quantum dots QDs is liable of producing a
breakthrough in device performance.1 Quantum-optical ap-
plications, such as single-photon sources2 and quantum logic
gates,3–8 have been proposed and are currently under intense
research. Progress in this research field has been made pos-
sible by a number of studies over the last years which pro-
vide understanding of exciton and multiexciton emission
processes taking place in QDs.1,9 Many of these studies high-
light the critical effect of Coulomb interactions among the
particles confined in the QD to determine the photolumines-
cence PL response. Indeed, it has been shown that the rela-
tive spectral positions of exciton X0 and charged exciton
Xn states can be generally inferred from the few-particle
correlations.10–23
The dependence of the recombination rates of neutral ex-
citon, biexciton, and multiexciton complexes on Coulomb
interactions has been also described in a number of
papers.24–30 Much less is known about the recombination
rates of positively X+ and negatively X− charged excitons
trions.20,31,32 This is nonetheless an interesting problem.
From a fundamental point of view, comparing the recombi-
nation of X0, X+, and X− provides direct insight into the dif-
ferent role played by electrons and holes as exciton compo-
nents. From a practical point of view, trions are often the
dominant species in QDs populated by exciting valence elec-
trons into the conduction-band continuum.22 Moreover, they
are involved in relevant applications of QDs such as the op-
tical preparation of pure spin electrons33 or holes.34,35 They
are also the natural source of single photons with pure circu-
lar polarization since neutral excitons are subject to electron–
hole exchange interaction and hence produce linearly polar-
ized photons. Understanding the conditions which optimize
the emission of trions is of primary importance for the de-
velopment of such applications.
Very recently, Dalgarno et al. collected comprehensive
spectroscopical data comparing the recombination rates and
energies of neutral excitons and trions in self-assembled In-
GaAs QDs.31 Clear differences were observed upon charging
X0 with an additional electron or hole, which were qualita-
tively consistent with a picture of where electrons are in the
strong confinement regime while holes are not. Owing to
their larger mass, holes seemed to be in an intermediate con-
finement regime where the influence of Coulomb correla-
tions may be significant.17
In this work, we provide theoretical assessment on this
subject. We perform a full configuration-interaction FCI
study to calculate the recombination rates of X0, X+, and X−
in QDs with different confinement strength. With increasing
QD size, X0, X+, and X− display different trends that can be
traced back to the interplay among the different Coulomb
interaction terms in the system electron–electron, hole–hole,
electron–hole. In particular, we obtain an enhanced PL for
X0 with increasing dot size—a result well known from pre-
vious studies25–27—but then show that electron–electron re-
pulsion partially quenches the emission efficiency for X−. For
X+ the quenching is even larger due to the strong hole–hole
correlation, and the reverse trend decreasing PL with in-
creasing dot size is obtained. Indeed, holes are found to be
significantly correlated even in typical self-assembled struc-
tures, which lead to spectral features in agreement with Ref.
31. We also investigate the effect of the different lateral ex-
tension of single-particle electron and hole wave functions
on the PL spectrum of trions, and show that this electron-
hole asymmetry may bring about qualitative changes in both
the relative spectral positions and the relative recombination
rates of X0, X+, and X−. Finally, we predict that hole-hole
correlations may be reflected in a peculiar temperature de-
pendence of the X+ line, which does not show up for neutral
and negatively charged excitons.
II. THEORY
We use a Hamiltonian describing Ne electrons and Nh
heavy holes confined in a QD,
H = HeNe + HhNh + VehNeNh. 1
Here HeNe and HhNh are the electron and hole effective-mass
Hamiltonians, respectively, including intraband interactions,
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while Veh
NeNh is the Coulomb interaction term between elec-
trons and holes,
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In the above expression, m
 and V ,z are the effective
mass and the single-particle QD confinement potential, re-
spectively, which is in general different for the two types of
carriers.  is the dielectric constant of the QD medium and e
is the electron charge. We neglect the electron–hole ex-
change interaction. This does not affect the singlet states of
the trions we will deal with and adds only a fine structure to
the exciton spectrum which is not relevant for our study.14,36
We consider a separable confining potential with cylindri-
cal symmetry, V ,z=V+Vz. In the in-plane direction
we take a parabolic confinement, V=1 /2m22, with 
as the characteristic frequency. This yields Fock-Darwin
FD single-particle states for electrons and holes,9 which
provide a transparent yet fairly accurate starting point in de-
scribing the optics of QDs with different confinement re-
gimes, from weakly confined etched Ref. 37 to strongly
confined self-assembled.38,39 In the vertical direction, the
potential Vz is defined by a rectangular quantum well pro-
vided by the band offset between the QD and barrier mate-
rials. The quantum well eigenstates are derived numerically.
The Ne-electron and Nh-hole states are calculated inde-
pendently using a two-step FCI approach in the basis of the
FD single-particle states. First, we diagonalize HeNe and HhNh
exactly, following the FCI method described in Ref. 40. The
resulting few-electron Ne and few-hole Nh states con-
tain an exact description of the intraband correlations. Sec-
ond, Hartree products of the correlated electron and hole
states obtained in the first step are used to represent the
electron-hole term Veh
NeNh
, which is diagonalized exactly to
describe interband correlations. This method provides fully
correlated excitonic states XNeNh which are needed for an
accurate estimate of the recombination probability12,27,28 and
energy.10–19 Moreover, it gives direct estimates of Veh
NeNh
,
which allows us to study the renormalization of the electron–
hole attraction upon charging with additional electrons or
holes.
The PL spectra are calculated within the dipole approxi-
mation and Fermi’s golden rule.9 The recombination prob-
ability from an initial state XNeNh , i	 to a final state
XNe−1Nh−1 , f	 with one less electron-hole pair, at an emission
frequency , is then given by:
P f←i = 
XNe−1Nh−1, f Pˆ XNeNh,i	2f iTEXNeNhi
− EXNe−1Nh−1
f
− 	 . 4





 is the annihilation operator for an electron with
spin 
 in the FD state r, hs
−

is the annihilation operator for
a hole with the opposite spin in the FD state s, and 
r s	 is
the overlap between the two states. The  function describing
the energy resonance condition is replaced in practice by a
Lorentzian curve with bandwidth b=0.5 meV. We assume
thermal equilibrium for the initial states so that f iT is the
i-state Fermi distribution function at temperature T. Unless
otherwise stated, only the lowest-energy fundamental tran-
sition is studied as it is the strongest. This transition involves
the ground states of XNeNh and XNe−1Nh−1. For low tempera-
ture, this means that the recombination involves essentially s
shells of the FD spectrum. Thus, the differences in the be-
havior of the excitonic complexes we study do not arise from
different symmetries of the occupied orbitals but simply
from the different correlations in each case.
To compare with the notation in related experiments,31 the
energies of the transitions can be written as









s + Vhh + 2Veh
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s + Vee + 2Veh
21
. 5c
Here EX0, EX+, and EX− are the ground-state energies of the
neutral, positively charged, and negatively charged excitons,
respectively. Ee
s Eh
s is the energy of the single-particle s
orbitals for electrons holes. Vee Vhh is the electron–
electron hole–hole repulsion energy, which we calculate as
the difference in energy between the two-electron two-hole
ground state with and without Coulomb interaction. Like-
wise, Veh
NeNh is the electron-hole attraction energy, which we
calculate as the difference in energy between the excitonic
species with and without including Eq. 3 term in the
Hamiltonian. Note that Veh
NeNh depends on the number of car-
riers of each type in the QD.
III. RESULTS
We consider an InGaAs/GaAs QD of height 2.5 nm. In





=0.45, the conduction valence band is 350 200 meV,
and the dielectric constant is =12.9. While this QD struc-
ture compares well to Ref. 31 samples, we note that similar
findings are obtained if GaAs/AlGaAs QDs are studied. The
Ne electron and Nh hole correlated states are calculated sepa-
rately using a FCI built on all the possible Slater determi-
nants which can be formed from the 56 lowest-energy FD
spin orbitals. The excitonic states are then calculated with a
basis that includes the Hartree products formed by several
tens of low-energy few-electron and few-hole states.
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A. Electron and hole wave functions with
the same lateral extension
In a first set of calculations, we vary the confining fre-
quency of the electron and that of the hole, ensuring that the
two kinds of particles have the same confinement length in
the plane, 	 /mee=	 /mhh. This is known to be often
the case in self-assembled QDs.11,14 Note that in this way, the
single-particle electron and hole wave functions are symmet-
ric in the in-plane direction—the relevant one for the
Coulomb-induced configuration mixing—and all the differ-
ences in the correlation regime can be traced back to the
different level spacing, which is obviously denser for holes.
Electron and hole wave functions are still different along the
vertical direction, the hole being more confined due to its
larger mass, as shown in the lower inset of Fig. 1. This
electron–hole asymmetry, which is present in most kinds of
epitaxial QDs,14,37 reduces the electron–hole overlap and
hence tends to make the electron–hole attraction Veh
11
smaller than electron–electron Vee and hole–hole Vhh re-
pulsions, which avoids artificial cancellations10 of the bind-
ing energies of trions obtained when Veh
11= Vee= Vhh.
In Fig. 1 we compare the recombination energies of the
excitonic complexes for variable lateral size of the QD. For
most confinement regimes, the relative energies agree with
reported measurements in self-organized QDs of different
sizes23,31 and early theoretical studies:10,41 X+ is blueshifted
with respect to X0 while X− is redshifted. However, we also
find the possibility of deviations from the usual sequence in
the strong and weak confinement regimes. This is better seen
in the upper inset of the figure, which represents the energy
shifts of X+ and X− with respect to X0: X+ becomes redshifted
for very strong confinement 	e40 meV Ref. 41 while
X− becomes blueshifted for very weak confinement.
The result above can be rationalized by comparing the
different Coulomb terms contributing to the recombination
energies see Eq. 5, which are shown in Fig. 2. The red-
shift of X− occurs because EPLX−−EPLX0=Vee−2Veh
21
+Veh
110, and the blueshift of X+ because EPLX+−EPLX0
=Vhh−2Veh
12+Veh
110. It is worth noting a few points regard-
ing the Coulomb terms in the figure: i VeeVhh for all
confinement strengths. This is in spite of the heavy mass of
holes, which should lead to VeeVhh in a perturbational
approach.31,42 This is because, unlike electrons which have
too much kinetic energy, holes are able to localize well
apart in the dot, thus minimizing Coulomb repulsion see
Fig. 4. In other words, holes are strongly correlated, even in
strongly confined QDs 	e=50 meV. ii Veh11 decreases




This is because the Coulomb repulsion separates the two
identical carriers, thus reducing the overlap with the other
kind of carrier which remains in the center of the dot. At
	e=30 meV, the addition of one electron to form X− re-
duces the Coulomb attraction in about 5%, close to experi-
mental estimates.31 The addition of one hole, according to
our prediction, has a much stronger effect as the Coulomb
attraction is reduced in about 20%. This is another signature
of the strong hole correlation. iii In general, Veh
NeNh is larger
in modulus than Vee and Vhh. This is surprising if we recall
that the asymmetry of the electron and hole wave functions
in the vertical direction reduces the electron–hole overlap.
This is again due to electronic correlations, which enable
important redistributions of the charge in the QD through
configuration mixing, maximizing attractions Veh
NeNh and
minimizing repulsions Vee , Vhh. A paradigm is the fact that
Veh
11 is clearly larger than Vee.
The above observations are in qualitative agreement with
the data inferred in Ref. 31 and extend the predictions to-
ward other confinement regimes. The only discrepancy is in
point i: while we predict VeeVhh they estimate VeeVhh.
This may be due to the uncertainty in the confinement po-
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FIG. 1. Color online Recombination energies versus lateral
confinement. The electron hole confinement frequency is given in
the bottom top axis. The characteristic length is set to be the same
for both kinds of particles. Upper-left inset: Energy shifts with re-
spect to the recombination energy of X0. Lower-right inset: Electron
solid line and hole dotted line single-particle wave functions in
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FIG. 2. Color online Absolute value of the Coulomb terms
contributing to the exciton and trion energies of Fig. 1 see Eq. 5.
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would reduce the electron–hole asymmetry or in the experi-
mental parameters. Note however that the values of the
Coulomb terms in our calculations are obtained from the
recombination energies of Fig. 1—which match well the
experiment—without further approximations or assumptions.
We next investigate the recombination probability of X0,
X+, and X−. Figure 3 represents the recombination probability
for different lateral confinement frequency and temperature
T=0 K. The recombination probabilities always follow the
relation PX0PX−PX+, in agreement with the
experiment.31,43 In particular, in the strong confinement re-
gime the recombination probability functions are rather flat
and obey PX0 /PX+1.2 and PX0 /PX−1.7, close
to the average experimental values of 1.25 and 1.58. As
the confinement strength decreases, PX0 increases very
rapidly. This behavior is in agreement with previous
predictions25–27 and is due to the increasing electron–hole
correlations, an effect which is sometimes referred to as ex-
citon superradiance.44 A different behavior is however ob-
served for trions. PX− increases only slowly. This is an
indication that the repulsive electron–electron correlation
partially compensates for the electron–hole attraction. On the
other hand, PX+ decreases instead of increasing. This is
because hole–hole correlations dominate over electron–hole
ones, and this reduces the overall electron–hole overlap.
The strong effect of hole correlations upon the charge-
density shape can be visualized in Fig. 4. The left panel
shows the normalized charge densities of the particles which
constitute the X+ complex while the right panel shows that of
the X− one. The relevant result is that, for X+, the hole with
spin down has a dip in the center, where the electron lies.
This is the signature of hole correlations. Clearly, no such
signature is observed for the pair of electrons in X−. Since the
spin-down hole is the one that recombines with the spin-up
electron, the low PL of X+ reported in Fig. 3 is readily un-
derstood. This also explains the small value of Vhh as com-
pared to Vee, discussed in Fig. 2.
We have tested that the effects of hole correlation dis-
cussed in this section hold also when only the lowest 20 FD
spin orbitals are included in the FCI. Therefore, we do not
expect the results to change qualitatively in QDs where the
confining potential deviates from parabolicity at high ener-
gies.
B. Electron and hole wave functions with
different lateral extension
So far we have assumed that the single-particle electron
and hole wave functions have about the same length in the
plane. As mentioned above, this is a good description for
usual self-assembled InGaAs QDs Ref. 14 but not neces-
sarily for other kinds of QDs. This is because electrons and
holes feel the band-offset potentials, the strain, and the com-
position fluctuations in a different way. As a result, hole
wave functions in the in-plane direction may be more or less
delocalized than electron ones the tighter localization in the
vertical direction is more robust because the strong confine-
ment overrides all other effects.14,45 In quantum wires this
asymmetry has been shown to strongly influence the proper-
ties of trions.46 In this section, we investigate its effect on our
previous results.
We consider a QD with fixed electron confinement 	e
=30 meV, which is close to the average value in Ref. 31
samples, and then vary the hole confinement frequency. The
recombination energies of X0, X−, and X+ in this system are
illustrated in Fig. 5. For 	h=3.33 meV dashed vertical
line, the electron and hole wave functions have the same
extension. This is the case studied above, and the result is
that of the experiments: X+ is slightly blueshifted with re-
spect to X0 while X− is visibly redshifted. If we move to the
right 	h3.33 meV, the hole wave function is more lo-
calized than that of the electron. While this barely affects the
redshift of X−, for 	h4–5.5 meV the blueshift of X+ is
suppressed. About 25% of the QDs investigated in Ref. 31
exhibited this deviation, which suggests that in such dots
holes were slightly more localized than electrons. Con-
versely, if we move to the left 	h3.33 meV, the hole
wave function is less localized than that of the electron as in
pure InAs QDs Ref. 14. Note that this is a regime of very
strong hole correlation. It may then occur that X− is red-





















0 10 20 30 40 50







FIG. 3. Color online Recombination probability versus lateral








FIG. 4. Color online Charge density of the particles constitut-
ing the trion complexes: X+ left panel and X− right panel. The
pictures correspond to a QD with 	e=30 meV. e and h stand for
electron and hole, and the arrows indicate the spin. The charge
densities are averaged over z. For X+ one of the holes exhibits a dip
in the center—the position of the electron—due to the hole–hole
repulsion and the strong hole correlation. This does not happen for
electrons in X−.
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The qualitative differences in the recombination energies
shown in Fig. 5 brought about by the electron–hole asymme-
try, and ensuing changes in the regime of hole confinement,
can be again rationalized in terms of the Coulomb contribu-
tions to Eq. 5. These are plotted in Fig. 6. For example, one




which explains the blueshift of X− EPLX−−EPLX0=Vee
−2Veh
21+Veh
110. In addition, Fig. 6 gives a clear insight into
the effect of hole correlations. While Vee is obviously insen-
sitive to changes in the hole confinement, the other terms
display a strong, nontrivial dependence. The dependence is
especially strong for Vhh and Veh
12 because they involve two
holes. As we move right from the symmetric electron–hole
case dashed vertical line, the hole confinement increases.
At about 	h6 meV Vhh exceeds Vee. This starts being
consistent with a simple perturbational Coulomb picture42
and indicates that hole correlations are decreasing. Farther
right, Vhh overcomes all the electron–hole terms, meaning
that the hole configuration mixing is no longer able to maxi-
mize minimize the attraction repulsion terms enough to
compensate for the single-particle electron–hole asymmetry,
which renders Veh
NeNh smaller than Vhh.
Figure 7 shows the recombination probability of X0, X+,
and X− as a function of the hole confinement frequency. For
X0 and X− the maximal PL is close to point of symmetric
electron and hole wave functions dashed vertical line,
where the single-particle overlap is largest, and it decreases
away from this point. Actually, the maximum is slightly
shifted toward the left of the dashed line because X0 and X−
exhibit superradiant PL with increased Coulomb correlations
recall Fig. 3, which compensates for a moderate single-
particle asymmetry. The behavior is different for X+ because
there is no superradiance and because the hole–hole correla-
tion redistributes the charge density as shown in the left
panel of Fig. 4, with an inner and outer hole surrounding the
electron in the center. As the hole confinement strength in-
creases, the two holes are squeezed toward the peak of the
electron wave function. This increases the overlap and hence
PX+. Note that this is contrary to the trend of PX0 and
PX−. As a result, the sequence observed in Ref. 31
PX0PX−PX+ holds only in the regime of weak
and intermediate hole confinements 	h6 meV.
It follows from this section that the best fit of the experi-
mental results of Ref. 31 is obtained when electrons and
holes have similar lateral extension. For an electron with
	e=30 meV, a symmetric hole wave function has 	h
=3.33 meV. If we compare the corresponding two-electron
and two-hole ground states, we find that the dominant con-
figuration in both cases is the doubly-occupied s shell. How-
ever, for electrons the weight of this configuration is 98.5%
while for holes it is 53.5%. The latter figure is even smaller
than that of electrons in etched QDs with 	e2 meV,37,47
which gives an idea of the strength of hole correlations.
Finally we mention that we have run simulations assum-
ing a lighter hole mass, mh
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FIG. 5. Color online Recombination energies versus hole lat-
eral confinement for a fixed electron confinement 	e=30 meV.
The dashed vertical line indicates the hole confinement leading to
symmetric electron and hole wave functions. To the left right of






























FIG. 6. Color online Absolute value of the Coulomb terms
contributing to the exciton and trion states of Fig. 5. The dashed
vertical line indicates the hole confinement where electron and hole




















FIG. 7. Color online Recombination probability versus hole
lateral confinement for the exciton and trion states of Fig. 3. The
dashed vertical line indicates the hole confinement where electron
and hole wave functions are symmetric.
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tical electron and hole wave function in the lateral direction,
described well some experiments with InGaAs QDs.39 The
same qualitative trends as found here were observed but the
relative recombination energies did not match those mea-
sured in Ref. 31. Hole correlations were still important for
	e=30 meV, a symmetric hole required 	h=6 meV,
which gives a dominant two-hole configuration weight of
74%.
C. Temperature dependence
The markedly different energy structure of X+ as com-
pared to X0 and X− reflects itself in the calculated tempera-
ture dependence of the PL spectra of the three excitonic spe-
cies, shown in Fig. 8. The plot corresponds to a QD with
	e=30 meV and 	h=3.33 meV symmetric electron and
hole wave functions. In this figure, we consider not only the
lowest excitonic transition but also a few excited ones which
may acquire appreciable population with increasing tempera-
ture. For the temperatures under study however these transi-
tions play a minor role only.
At the lowest temperature, one can see that X+ alone ex-
hibits a weak satellite peak pointed at by an arrow well
below the fundamental transition. This is due to the strong
configuration mixing of holes, which introduces a sizeable
contribution from the sdz configuration to the otherwise pure
s2 configuration of the two-hole ground state. This mixing
enables the recombination of an s-shell electron with a
d-shell hole. Similar features have been predicted for the
excited states of excitons and multiexcitons, owing to
electron-hole correlations,9,11 as well as for highly charged
excitons.17 Here we show that for positive trions, such fea-
tures show up for the ground state as well, this being a sig-
nature of the stronger correlation regime. To our knowledge
this resonance has not been explicitly reported in experi-
ments but recent high-resolution PL measurements of single
InGaAs QDs at low temperature T=5 K revealed a num-
ber of small satellite peaks below the fundamental transition
of X+ which were however absent for X0 and X−.17
As the temperature increases, the population of the exci-
ton or trion excited states increases at the expense of the
ground state. For X0 and X− this has no observable results up
to a few tens of Kelvin because the lowest-lying excitations
are quite far in energy from the ground state a few meV.
However, for X+—due to the larger density of states—
moderate temperatures suffice to yield visible changes in the
spectrum. This can be seen in Fig. 8. With increasing tem-
perature, the PL of the fundamental and the satellite peaks of
X+ decreases, and a new resonance shows up at 284 meV
indicated by an arrow at T=10 K. This resonance corre-
sponds to the recombination of an s-shell electron and an
s-shell hole, with a second hole remaining in the p shell. The
different sensitivity to temperature can be used as a means
for distinguishing positively charged excitons from neutral
and negative species. Temperature-dependent PL measure-
ments in individual self-assembled InAs QDs seem consis-
tent with this prediction, as they show a fast decrease in the
fundamental X+ resonance and the appearance of a satellite
peak right below it with increasing temperature see Fig. 2b
in Ref. 45.
IV. CONCLUSION
Both our accurate effective-mass-FCI calculations and re-
cent experimental observations of recombination energies
and rates point to an important role of configuration mixing
of valence-band holes in the dynamics of trions. Our results
are in quantitative agreement with experimental finding if
electrons and holes are taken to have similar lateral exten-
sion. Under such conditions, hole correlations are clearly
non-negligible. Our results also show that in self-assembled
and weaker confined QDs Coulomb correlations lead to
Veh
NeNh Vee Vhh. More generally, the large increase in
recombination probability of X0 as a function of the dot
size—a well-known result arising from the enhanced
electron-hole Coulomb correlations,25–27—is suppressed al-
most completely for X− and reversed for X+, whose intensity
decreases with dot size. This is due to the electron–electron
and hole–hole Coulomb terms, which compensate and over-
come the excitonic attraction. We also predict that signa-
tures of the distinct hole energy structure can be found in the
specific temperature dependence of the X+ spectrum.
ACKNOWLEDGMENTS
We are grateful to P. Dalgarno, F. Troiani, and M. Rontani
for helpful discussions. We acknowledge financial support
from the Italian Minister for Research through Contracts No.
FIRB-RBIN06JB4C and No. PRIN-2006022932, from Cin-
eca Calcolo Parallelo 2007-2008, from the Marie Curie
Project Contract No. MEIF-CT-2006-023797, and from the





T = 0.1 K
T = 1 K
T = 5 K
T = 10 K
T = 20 K





275 280 285 290 295







FIG. 8. Color online Emission spectrum of X0, X+, and X− as a
function of the temperature. The spectra are offset vertically. The
arrow at T=0.1 K points at the correlation-induced satellite of X+
while the arrow at T=10 K points at the resonance coming from
the first-excited state of X+, which has been activated thermally.
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